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ABSTRACT 


The  purpose  of  this  research  was  to  measure  threshold 
temperatures  corresponding  to  the  formation  of  minimum  ophthalmoscopically 
visible  lesions  induced  in  rabbit  fundi  by  a ten-second  exposure  from  an 
argon  C.  W.  laser  (4880^.  The  posterior  pole  of  the  eye  was  surgically 
exposed  and  a specially  designed  microthermocouple  with  a 20-micron 
diameter  tip  was  inserted  into  the  ocular  fundus  to  measure  temperature 
rises.  The  mean  threshold  temperature  for  30  measurements  in  13  rabbits 
was  54°C  and  the  standard  deviation  was  3°C.  System  error  was  estimated 
at  5%  of  temperature  rise,  or  slightly  less  than  1°C. 
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CHAPTER  I 


INTRODUCTION 


The  research  reported  in  this  report  concerns  the  measure- 
ment of  threshold  temperatures  associated  with  retinal  injury  due  to  local 
laser-induced  opthalmoscopically  visible  fundus  changes.  These  thres- 
hold temperatures  are  critical  to  the  development  of  a model  that  describes 
the  process  of  thermal  damage  in  the  fundus.  Henriques  has  assumed 
that  damage  results  from  protein  denaturation  and  has  used  Arrhenius' 
equation  to  model  cutaneous  thermal  damage  by  a rate  process  in  which 
parameters  were  evaluated  with  blister  threshold  temperatures.  Although 
the  rate  process  of  thermal  damage  due  to  protein  denaturation  is 
generally  accepted, ^ugitt,  1955;  Stoll,  1959;  Hu  and  Barnes,  1970], 


there  exists  data  for  rejecting  this  hypothesis  [Vassilidis,  1971;  Priebe, 
Cain  and  Welch,  unpublished]. 


e Process  Modelin 


Rate  process  models  for  thermal  tissue  damage  have  been 


based  on  the  following  equation: 


in  which 


^ = K's 
dt  ^ 


s = surviving  fraction  of  biomaterial 


K*  > reactions  rate  coefficient 


1 
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I 

[ 


= ^ exp(  ^ ^ ) 


where 


AH 

= 

change  in  heat  energy 

AS 

= 

change  in  entropy 

T 

= 

temperature  in  °K 

k 

= 

Boltzmann's  constant  in  CGS 

h 

- 

Planck's 

R 

s 

Universal  gas  constant  =2.0  cal/^K/mol 

During  early  modeling  attempts,  temperature  was 

assumed  constant  and  the  equation  had  the  following  simple  form; 

n = Pe^^^^t 

where 

n 

= 

tissue  damage 

p 

= 

integration  constant 

E 

= 

energy  of  activation 

r 

= 

gas  constant 

T 

= 

tissue  temperature 

t 

exposure  time. 

In  general  0 was  arbitrarily  assumed  equal  to  unity  for 
threshold  damage,  and  P and  E were  then  determined  empirically  from  the 
data.  However,  using  the  more  specific  form  of  the  equation,  a critical 


wmfs^ 
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temperature  (T  ) can  be  calculated  for  which  the  original  material  will  be 
c 

reduced  by  1/e. 

T . ^ 

e 58. 6 + 4S  « 4.56  I09,.  t’ 

where  t*  - length  of  temperature  pulse. 

Proper  selection  of  AH  and  AS  will  allow  the  definition  of 
a critical  temperature  for  retinal  damage,  after  which  it  should  be  possible 
to  completely  define  the  geometry  of  a lesion.  Selection  of  these  values 
has,  unfortunately,  proved  troublesome.  However,  the  recording  of 
threshold  temperatures  for  damage  at  each  Individual  retinal  layer,  and 
correlation  between  these  temperatures  and  histologically  determined 
lesion  geometerles  will  hopefully  provide  further  Insight  into  the 
definition  of  the  appropriate  model  and  associated  parameters  Involved 
for  retinal  damage. 

Previous  Work 

Numerous  authors  have  used  wire  thermocouples  to 
measure  fundus  temperatures  [Mellerlo,  1966;  Najac,  1963;  Noyorl,  1963], 
but  their  results  have  been  questioned  [Geeraets,  et.  al. , 1963;  Vos, 

1966;  Hays  and  Wolbarsht,  1968].  Recent  measurements  of  fundus 
temperature  have  been  by  Cain  and  Welch,  who  measured  laser-induced 
fundus  temperature  changes  with  20-mlcron  diameter  quartz  thermocouples 
[Cain  and  Welch,  1974].  These  probes  have  been  specifically  designed 
for  measuring  temperature  transients  In  tissue  [Cain  and  Welch,  1972; 
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Reed,  1966].  Cain  and  Welch  have  shown  experimentally  that  probe 
artifact  may  be  minimized  by  maintaining  a 10  to  1 ratio  between  retinal 
image  half-power  diameter  and  probe  diameter.  Although  they  measured 
complete  temperature-time  histories  in  the  laser-irradiated  fundus , Gain 
and  Welch  did  not  measure  temperatures  at  which  minimum  ophthalmo- 
scopically  visible  fundus  changes  occurred.  They  used  a model 
developed  by  White,  et  al  to  predict  temperature  rises  in  their 
experiments  [White,  et  al^  1970].  The  model  was  based  on  a finite 
difference  (ADI  technique)  solution  of  the  heat  conduction  equation  in 
cylindrical  coordinates: 


in  which 


7 

T 

k 

A 

V 

c 

p 


(k  T)+A=  V ^ 

s absolute  temperature  or  temperature  rise 
= thermal  conductivity  in  cal/cm  sec 

3 

= heat  source  term  in  cal/cm  sec 

3 o 

= pc  = volumetric  specific  heat  in  cal/cm’’  u 
= specific  heat  in  cal/gm  °C 
- density  in  gm/cm  . 


Exponential  absorption  was  assumed  for  the  pigment 
epithelium  (P.E.)  and  choroid,  the  retinal  image  was  assumed  circularly 
symmetric  and  the  ocular  media  was  assumed  thermally  homogenous  and 
isotropic  within  each  layer.  Experimental  input  data  to  the  model  included 
comeal  power,  image  radius,  and  relative  irradiance  profile  at  the  retina. 
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(energy  distribution) . Other  input  parameters  to  the  model  were  trans- 
mission of  the  ocular  media,  thickness  and  absorption  coefficients  of  the 
P.E.  and  choroid,  and  conductivity  and  volumetric  specific  heat  for  each 
layer. 

The  temperature  sensors  were  made  from  1 mm  quartz  rod 
pulled  over  heat  to  20  microns  diameter  at  the  tip.  Nickel,  parylene 
(insulation)  and  copper  v/ere  deposited  on  the  quartz  substrate,  allowing 
a copper-nickel  Junction  only  at  the  probe  tip.  Thermoelectric  EMF  was 
21  u V/^C  ( t 1 u V/°G)  and  rise  time  to  90%  of  equilibrium  was  about 
1 msec,  for  a near  step  change  in  temperature  prcduced  by  driving  a probe 
into  a heated  water  bath. 

This  report  presents  laser-induced  threshold  temperatures 
obtained  with  the  quartz  probes  for  retinal  image  half  power  diameters  of 
approximately  200  to  400  microns  in  the  ocular  fundi  of  rabbits.  The 
report  shall  (1)  detail  the  experimental  procedure  used  to  obtain  threshold 
temperatures,  (2)  graphically  present  the  results,  (3)  discuss  the  results 
and  (4)  offer  conclusions  to  be  drawn  from  these  results.  Much  of  the 
experimental  procedure  is  identical  to  that  followed  by  Cain  and  Welch , 
and  for  details  beyond  those  mentioned  in  this  report,  the  reader  is 
referred  to  their  publications  [Cain  and  Welch,  1972;  Cain  and  Welch, 1974]. 


CHAPTER  n . 


EXPERIMENTAL  PROCEDURE 

This  chapter  includes  a description  of  the  apparatus,  an 
outline  of  the  laboratory  procedure  and  mention  of  the  data  analysis . 

Apwrfttyg 

The  physical  location  of  the  experimental  apparatus  usod  in 
this  research  is  shown  in  Fig.  1 . The  temperature-sensing  probes  were 
produced  in  the  Engineering  Research  Laboratory  at  The  University  of  Texas 
at  Austin,  under  the  supervision  of  Professor  E.  A.  Ripperger.  A detailed 
description  of  the  probe  manufacturing  process  and  its  properties  can  be 
found  elsewhere  [Cain  and  Welch,  1972], 

The  sensor  output  first  entered  a specially  made  preamplifier 
which  had  a gain  of  1000  and  a bandwidth  from  DC  to  10  kHz.  The 
amplified  signal  was  displayed  a Clevite  Brush  Mark  200  8-channel 
strip  chart  recorder  with  bandwidth  of  DC  to  100  Hz.  The  overall  bandwidth 
of  the  system  was  about  90  Hz.  To  insure  that  critical  information  was  not 
being  inadvertently  filtered,  several  temperature  rises  were  recorded  on  a 
Sangamo  3500,  14-channel  magnetic  tape  recorder  with  record  and  playback 
speeds  capable  of  scaling  time  by  a factor  of  32. 

Prior  to  each  experiment,  the  temperatures  sensor  was 
calibrated  to  (a)  assure  the  EMF  of  a sensor  was  within  acceptable  limits 
( i lt*V/°C)  of  21^V/®C,  and  (b)  verify  the  system's  integrity. 
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ZEISS  FUNDUS  CAMERA 
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Fi  ?ure  1 . Experimental  Apparatus  . 
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The  eye  was  Irradiated  by  a Spectra-Physics  Model  166-03 

o 

argon-ion  laser,  tuned  to  a primary  wavelength  of  4880A.  Pulse  length  was 
controlled  with  an  electronic  shutter,  from  Vincent  Associates,  Model 
23XDB2XS,  in  conjunction  with  a Devices  Sales  Ltd.  digital  timer.  The 
ocular  fundus  was  viewed  with  a Zeiss  Fundus  Camera.  Mounted  Immediately 
beyond  the  fundus  camera  lens  was  a beam  splitter  to  allow  viewing  of  the 
fundus  while  half  the  energy  from  the  argon  laser  was  directed  into  the  eye. 
The  fundus  camera  was  used  to  observe  Image  location  and  lesion  formation 
on  the  fundus . 

Radiant  energy  was  measured  with  an  EG  & G Model  580 
Radiometer  with  a narrow  beam  adapter  and  25A  Detector  Head.  Neutral 
density  filters  were  placed  In  the  laser  beam  path  to  control  Intensity. 

Laboratory  Procedure 

The  laboratory  procedure  is  divided  Into  two  portions: 

(1)  Surgical  Procedure  and  Sensor  Insertion,  and  (2)  Temperature  Measurement. 

(1)  Surgical  Procedure  and  Sensor  Insertion.  Thorough 
documentation  already  exists  for  the  surgical  procedure  used  In  this 
experiment  [Gain  and  Welch,  1972].  The  rabbit  was  anesthetized  with 
sodium  pentobarbitol.  Nembutal.  Then  a tracheostomy  was  performed  and  the 
animal  was  maintained  on  positive  respiration  for  the  remainder  of  the 
experiment.  The  animal  was  affixed  on  the  animal  positioning  device  with 
ear  bars  and  a mouthpiece.  The  sclera  was  exposed  by  excision  of  the 
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supraorbital  process  of  the  frontal  bone  from  anterior  to  posterior  projection, 
followed  by  excision  of  the  Levetator  Palpebrae  muscle,  Superior  Rectus 
muscle,  and  partial  excision  of  the  lacrimal  gland  and  Harder's  gland.  In 
general,  cauterization  was  necessary  to  control  hemorrhaging.  Six 
sutures  were  placed  through  the  conjunctiva  and  the  eyeholder  was  sewn 
onto  the  front  of  the  eye.  A contact  lens  was  used  to  keep  the  cornea  moist. 

Preceding  the  insertion  of  the  fragile  20-mlcron  diameter 
sensor  Into  the  ocular  fundus,  a 3-mlcron  drill  probe  war  used  to  pierce 
the  sclera.  These  drill  probes  were  usually  1 mm  quartz  rods,  pulled  over 
heat,  tapering  quickly  down  to  a tip  a couple  microns  In  diameter.  The 
probes  were  mounted  In  a Gavltron  Model  C210  Ultrasonic  Dental  Drill 
affixed  to  a Narishlgi  Hydraulic  Micromanipulator,  with  which  they  were 
propelled  through  the  sclera.  The  drill  probe  was  then  replaced  by  the 
temperature  sensor,  and  the  Insertion  completed.  Occasionally,  local 
tissue  trauma  due  to  the  Insertion  could  be  observed , which  sometimes 
caused  hemorrhaging  at  the  insertion  site.  Such  sites  were  always 
abandoned . 

(2)  Temperature  Measurements . During  the  course  of  the 
experiments  several  variables  were  constantly  monitored.  The  EGG  and  pain 
reflex  to  pinching  between  the  toes  allowed  fair  estimation  of  the  animal's 
general  state  of  health  and  anesthesia.  Once  the  temperature  sensor  was 
Inserted  Into  the  fuixlus,  steady-state  temperature  of  the  eye  was  monitored. 
Body  temperature  and  tissue  temperature  at  the  back  of  the  eye  were  monitored 
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in  most  of  the  experiments.  A Sears  Heat  Lamp  was  used  to  keep  fundus 
temperature  near  37^0 . 

Once  the  temperature  sensor  was  In  position « the  following 
steps  were  taken: 

(a)  The  probe  tip  was  moved  into  the  vitreous  (to  minimize 
conduction  effects),  and  5 msec,  laser  pulses  were  applied  to  the  eye. 

The  animal  was  rotated  until  the  probe  was  in  the  center  of  the  image 
(presumably  the  point  of  maximum  direct  absorption  for  the  sensor).  A 
relative  Intensity  distribution  of  the  retinal  image  was  obtained  by  rotating 
the  animal  about  the  center  of  the  ocular  lens  system  by  precise  Increments , 
and  measuring  the  direct  temperature  rise  produced  by  a 5- msec,  pulse  at 
each  increment.  Rotation  about  the  center  of  the  lens  system  resulted  in 
minimal  movement  of  the  image  in  space,  as  the  fundus,  and  inserted 
sensor,  moved  acros?  it.  The  profile  was  assumed  circularly  symmetric. 

It  has  been  shown  that  to  adequately  reduce  the  temperature 
response  error  introduced  by  the  presence  of  the  probe  in  the  ocular  media, 
the  half-power  diameter  of  the  retinal  image  must  be  10  times  the  probe 
diameter.  [Cain  and  Welch,  1972].  To  obtain  this  condition,  a 30  cm  focal 
length  lens  was  placed  in  the  laser  beam  path  to  provide  a near  Maxwellian 
View  to  the  rabbit  eye  (i.e. , the  laser  beam  was  focused  near  the  center  of 
the  animal's  lens  system). 

(b)  Locations  near  the  sensor  insertion  (within  1 mm)  were 
irradiated  at  decreasing  power  levels  for  ten-second  intervals,  until  a 
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certain  power  was  associated  with  a minimum  ophthalmoscopically  visible 
fundus  change  appearing  within  five  minutes  after  exposure.  The  animal  was 
then  moved  to  impinge  the  laser  upon  the  insertion  site,  and  short  50  msec, 
pulses  were  applied  while  sensor  position  was  adjusted  until  the  location 
of  maximum  temperature  rise  was  achieved.  Then  a ten-second  pulse  at 
about  one-fourth  the  power  necessary  for  a threshold  lesion  was  applied  and 
temperature  rise  was  recorded  on  the  Brush  Recorder.  The  sensor  was 
repositioned  to  remedy  any  movement  of  the  animal  or  shift  of  the  image , and 
this  subthreshold  temperature  was  again  recorded . Finally , the  sensor  was 
repositioned  once  more  and  full  direshold  power  was  delivered  to  the  site. 

It  has  been  reported  that  rates  of  tissue  damage  are  negligible  when  sub- 
threshold temperatures  are  kept  below  reasonable  levels  [Stoll,  1959;  Hu 
and  Barnes,  1970].  All  experimental  subthreshold  temperature  rises  were 
kept  below  8°C . 

(c)  A few  times  it  was  possible  to  begin  afresh,  and  reinsert 
the  sensor  at  a new  location*  and  repeat  the  entire  experiment. 

Data  Anftlygtg 

Several  steps  were  necessary  to  reduce  the  data  to  a mean- 
ingful form.  First,  the  temperature  rise  due  to  direct  absorption  by  the 
sensor  was  subtracted  from  the  overall  recorded  temperature  rise.  The 
remainder  represented  the  tissue  temperature  rise.  The  rapid  response  of 
the  sensor,  due  to  direct  heating,  was  easily  differentiable  from  die 
respcmse  due  to  tiie  slower  heating  of  the  tissue. 
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Seccmd,  the  temperature  rises  associated  with  the 
subthreshold  laser  pulses  were  linearly  extrapolated  to  the  threshold  corneal 
power  to  obtain  the  temperature  rise  associated  with  threshold  corneal  power. 
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The  validity  of  a linear  relation  between  corneal  power  and  temperature  In 
the  ocular  fundus  has  been  established  [Cain  and  Welch,  1974;  Prlebe, 

Cain  and  Welch,  unpublished]. 

A least-squares  curve  fit  was  applied  to  the  data  (threshold 
temperature  rise  vs.  fundus  temperature)  and  the  coefficients  of  the  fit 
then  used  to  correct  all  data  to  a fundus  temperature  of  37^C.  The  mean, 
standard  deviation  and  95%  confidence  Intervals  for  the  corrected  temperature 
rise  were  then  computed . 

Finally,  the  relation  between  model  temperatures  and 
measured  temperatures  was  examined  by  a least-squares  curve  fit  between 
these  two  variables. 


CHAPTER  III 


RESULTS 

Data  were  taken  from  twenty  rabbits , three  of  which  had  two 
sensor  insertions  and  a fourth  of  which  had  three  insertions.  In  addition  to 
threshold  measurements,  subthreshold  measurements  were  obtained  firom 
nine  of  these  rabbits  (Including  two  of  the  double  insertions  and  the  triple 
insertion) . These  subthreshold  measurements  were  extrapolated  to  threshold 
temperatures . A total  of  thirty-eight  measured  or  extrapolated  threshold 
temperatures  were  obtained  during  this  research . Only  thirty  values  have 
been  selected  for  presentation.  The  others  have  been  discarded  for  vhrious 
reasons,  such  as  excessive  variation  in  pre-lesion  fundus  temperature  from 
37^C,  apparent  degradation  of  comeal  clarity,  or  excessive  localized  trauma 
from  inserting  the  probe. 

The  experimental  results  have  been  summarized  in  a set  of 
figures  and  tables.  The  ixesented  data  includes  a sample  irradiance  profile 
and  temperature  response  profile,  plots  of  threshold  temperature  rise  vs. 
fundus  temperature,  distribution  of  lesions  with  threshold  temperature,  and 
calculated  threshold  temperature  vs.  measured  threshold  temperature  rise. 

Irradiance  ProfUe 

The  computer  solution  to  the  heat  conduction  equation  uses 
the  shape  of  the  heat  source  at  die  fundus  as  one  of  its  input  parameters . 
Hence,  for  every  experiment,  the  direct  heating  characteristic  of  the  sensor 
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was  used  to  measure  the  Irradlancc  profile  at  the  retina.  This  is  a profile 
of  the  laser  Image  Intensity  at  the  fundus.  An  example  of  the  irradiance 
profile  Is  shown  In  Fig.  2 for  experiment  25A.  System  noise  prevented 
measurements  below  10%  of  the  profile  maximum.  Retinal  image  diameter 
which  Is  required  for  the  temperature  calculation,  was  always  assumed  to 
be  twice  the  distance  from  image  center  to  the  smallest  discernible 
absorptive  temperature  rise  above  minimum  noise.  The  dashed  portion  of 
the  smooth  line  drawn  through  the  experimental  points,  indicates  the  region 
of  measurement  uncertainty.  Half-power  image  diameter  at  the  fundus  for 
this  particular  experiment  was  about  210  microns, which  is  a typical  value. 
The  circular  symmetric  profile  used  by  the  model  was  achieved  by  averaging 
of  both  sides  of  the  profile  in  Fig.  2. 

Temperature  Rise  vs.  Time 

The  measured  and  calculated  (from  the  model)  temperature 
rises  in  the  P.E.  at  the  center  of  the  beam  as  a function  of  time  for  rabbit 
25A  are  shown  in  Fig.  3.  The  13.8  mW  (at  cornea)  laser  pulse  produced 
a retinal  image  with  half-power  diameter  of  210  microns.  The  duration  of 

the  exposure  was  10  seconds.  Maximum  measured  temperature  rise  was 

o o 

17.6  G and  maximum  model  temperature  rise  was  16.5  C.  Again,  a 

smooth  line  has  been  drawn  through  the  points . The  initial  portion  of  the 

model  profile  lies  above  the  measured  profile.  However,  the  curves  cross 

at  about  one  second,  and  thereafter,  the  model  j^rofile  remains  lower  than 
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ImoqVcTJffer  DISPLACEMENT  (microns) 

Figure  2.  Irradiance  Profile. 

Energy  Distribution  Measured  At  Retina  From 
Experiment  25A.  (Dashed  lines  indicate  region 
of  uncertainty) . 
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Figure  3.  Temperature  Rise  vs.  Time  . 
Temperature-Time  Profile  for  Experiment  25A 
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the  measured  profile.  At  the  end  of  the  laser  pulse,  the  measured  temper- 
ature has  stabilized.  However,  the  model  temperature  Increases  at  a slow 
rate. 

Tabulated  Data 

Table  I Is  a list  of  thirty  threshold  bum  temperatures  from 
twenty  rabbits.  The  pre-lesion  fundus  temperature  and  temperature  rises 
calculated  by  the  model  are  also  listed. 

Parameters  used  for  these  calculations  were  as  follows: 
Thicknesses  of  the  P.E.  and  choroid  were  assumed  to  be  10  and  100  microns, 

O .1 

respectively.  Absorption  coefficients  for  4880A  of  832.0  and  83.2  cm 
were  used  for  the  P.E.  and  choroid,  respectively.  Pre-retinal  ocular  media 
transmission  was  assumed  to  be  82.0%  for  the  aforementioned  wavelength. 
Conductivity  (k)  and  volumetric  specific  heat  ( pc)  were  specified  as 
0.0015  Cal/°C  sec.  cm.  and  1.0  Cal/^C  cm^,  respectively, 
for  each  layer.  Botti  the  absorption  coefficients  and  the  pre-retlnal  ocular 
media  transmission  were  higher  than  the  values  used  by  Cain  and  Welch 
[Cain  and  Welch,  1974].  For  their  calculations,  absorption  coefficients 
were  637.6  cm  ^ and  76.3  cm  ^ for  die  P.E.  and  choroid,  respectively, 
and  transmission  of  the  ocular  media  was  63.6%. 

Half-power  Image  diameters  were  always  kept  between 
200  microns  and  400  microns.  All  lesions  were  produced  by  ten-second 


laser  pulses 
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Temperature  Rise  vs.  Fundus  Temperdture 

Extrapolated  and  measured  threshold  temperature  rises  are 
presented  as  a function  of  pre-leslon  fundus  temperature  In  Fig.  4. 

Minimum  and  maximum  fundus  temperatures  were  31. 5*^0  and  44.5°C. 
respectively.  A straight  line  of  slope  -1.05  and  y-lntercept  S6^C  which 
was  obtained  by  a least-squares  curve  fit  has  been  drawn  through  the  data . 
Threshold  temperatures  determined  by  extrapolation  of  subthreshold  temper- 
atures are  depicted  by  open  circles . 

Distribution  of  Lesions  with  Threshold  Temperature 

Figure  S Is  an  accumulation  of  the  number  of  experimental 
lesions  as  a function  of  Increasing  threshold  temperatures  (steady-state 
fundus  temperature  plus  measured  temperature  rise) . All  thirty  lesions 
appear  In  this  graph.  Only  one  lesion  appears  at  48.2^0  and  15  lesions 
appear  at  54.5^0  or  lower.  Temperature  Interval  Is  2^C.  A smooth  line 
Is  drawn  through  the  points . 

Measured  Temperature  Rise  vs.  Calculated  Temperature  Rise 

The  relation  between  measured  temperature  rises  and 
calculated  temperature  rises  Is  shown  In  Fig.  6.  Calculated  temperatures 
are  based  on  experimentally  measured  corneal  power,  Irradlance  profile 
and  Image  radius.  A straight  line  of  slope  0.92  (from  least-squares  curve 
fit)  has  been  drawn  through  the  data.  Again,  extrapolated  threshold 
temperatures  have  been  depicted  by  open  circles . 


Measured  Directly 
E xtropoioted 


MEASUReO  TEMPERATURE  RISE 
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Figure  6.  Measured  Temperature  Rise  vs . 
Calculated  Temperature  Rise . 
Dashed  lines  Indicate  95% 
confidence  band  for  slope  m*  1. 


CHAPTER  IV 


DISCUSSION 

The  results  shall  be  discussed  with  respect  to  the 
following  five  topics:  (1)  Sources  of  Experimental  Variation,  (2)  Subthreshold 
Temperatures,  (3)  Temperature  Rise  versus  Fundus  Temperature,  (4)  Number 
of  Lesions  versus  Temperature,  and  (5)  Measured  Temperature  versus 
Calculated  Temperature. 

Sources  of  Experimental  Variation 

A number  of  potential  sources  of  experimental  variation 
exist  for  these  experiments.  Most  of  these  are  associated  with  the  system 
and  pro-jedure  used  to  measure  retinal  temperature;  however,  some  sources 
of  variation  appear  to  be  inherent  in  the  phenomena  responsible  for  lesion 
formation . 

Many  of  the  possible  sources  of  system  variation  have 
been  analyzed  elsewhere  [Cain  and  Welch,  1972],  Near  steady-state 
temperatures  have  been  reported  with  an  accuracy  of  approximately  ^5% 
(including  the  variation  of  - 0.5°C  introduced  by  system  calibration  and 
- 0.5°C  from  subtraction  of  the  direct  absorption  component). 

The  use  of  an  invasive  technique  to  measure  fundus  temper- 
atures immediately  raises  questions  regarding  the  effect  of  the  probe's 
presence  in  the  tissue.  The  thermal  resistance  between  the  probe  and  the 
tissue  is  assumed  negligible,  which  is  reasonable  since  (1)  the  width  of 
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such  an  Interface  resistance  Is  small,  thus  reducing  its  contribution;  and 
(2)  thermal  properties  of  the  biomedia  composing  the  interface  resistance 
would  be  similar  to  those  of  the  ocular  tissue.  Of  course,  the  presence  of 
the  probe  Introduces  an  anomaly  into  the  conducting  field,  unequivocably 
affecting  the  axial  and  radial  heat  fluxes.  However,  as  mentioned  earlier, 
Reed  has  shown  that  this  effect  should  be  minimized  by  the  use  of  a sensor 
material  that  has  properties  of  thermal  conductivity  (k)  and  volumetric 
specific  heat  (pc)  such  that  k/pc  and  kpc  each  approximately  equal 
0.00144  (kpCjj  Q = Q * 0.00144).  For  comparison,  the  thermal 

parameters  for  copper  are  kpc  - 0.76  and  k/pc  = 1.14,  whereas,  the  thermal 
properties  for  fused  quartz  are  kpc  0.00131  and  k/pc  = 0.0083.  However, 
the  probe's  presence  in  the  tissue  may  produce  an  even  more  profound 
effect  on  threshold  temperature  by  altering  the  shap>e  of  the  heat  source. 

This  is  caused  not  only  by  the  high  absorptivity  of  the  probe  (resulting  in 
high  temp>eratures  near  the  probe) , but  also  by  the  shadow  cast  by  the 
opaque  probe  (resulting  in  lower  temperatures  behind  the  probe) . Cain 
and  Welch  have  shown  that  keeping  the  half*power  image  diameter  to  probe 
diameter  ratio  above  10  to  1 reduces  these  effects  of  the  probe.  Finally, 
introducing  a probe  into  living  tissue  must  modify  the  local  circulation, 
though  the  extent  of  this  modification  is  uncertain.  Again,  confidence  in 
neglecting  the  effect  from  this  modification  is  based  upon  the  maintenance 
of  a large  retinal  image  relative  to  die  probe  diameter,  and  the  relatively 
avascular  nature  of  the  retinal  layers . 
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Several  sources  of  variation  appear  to  be  inherent  in  the 
living  system . It  is  well  known  that  the  rabbit  fundus  is  not  uniform 
[Clarke,  1970].  During  one  experiment,  a given  corneal  power  could 
produce  a lesion  at  one  retinal  location,  but  not  at  another  approximately 
2 mm  away.  As  much  as  a four  to  one  difference  in  pigmentation  was 
previously  observed  in  dark-eyed  rabbits  [Marshall,  1970].  Hopefully, 
gross  variation  was  prevented  by  subjective  evaluation  of  pigmentation  of 
each  animal. 

Subthreshold  Temperatures 

As  previously  described , two  subthreshold  temperatures 
were  measured  at  each  sensor  insertion  site  prior  to  the  concluding 
threshold  exposure.  Repositioning  of  the  sensor  between  each  exposure 
helped  determine  what  percentage  of  the  experimental  variation  was  due 
to  failure  of  the  sensor  to  be  placed  at  the  hottest  location  in  the  fundus, 
or  to  remain  at  that  location . 

Generally,  one  out  of  every  four  subthreshold  measurements 
was  lower  than  the  other  subthreshold  measurement  at  that  site.  However, 
this  difference,  even  when  extrapolated  to  threshold  corneal  power,  was 
rarely  more  than  l^C.  In  all  cases,  the  highest  of  the  subthreshold 
temperatures  from  each  site  was  selected  as  the  threshold  temperature. 
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Temperature  Rise  vs.  Fundus  Temperature 

Threshold  temperature  rise  arKl  pre-lesion  fundus  temper- 
ature appeared  to  be  linearly  related  (see  Fig.  4) . Error  was  probably 
Introduced  by  using  the  coefficients  from  a linear  curve  fit  to  correct  all 
data  to  37°C  for  calculating  mean  and  variance.  The  amount  of  error 
introduced  and  a more  appropriate  method  of  correlation,  consistent  with 
rate  process  theory,  will  hopefully  be  defined  by  more  extensive  threshold 
studies  over  wider  temperature  ranges. 

The  mean  of  the  threshold  temperature  rises,  after  correction 

o o o 

to  37  G,  was  17.3  G and  the  standard  deviation  was  3.1  G or  18%  of  the 

mean.  Ninety-five  percent  confidence  intervals  for  the  sample  mean 

+ . «o_ 
were  - 1.2  G . 

Distribution  of  Lesions  with  Threshold  Temperature 

One  may  infer  from  die  relation  between  the  number  of 
lesions  appearing  and  temperature  (see  Fig . 5) , that  no  obvious  skewing 
of  the  data  occurred.  The  threshold  temperature  mean  was  S4^G. 

It  is  Instructive  to  examine  the  variance  in  corneal  power 
necessary  for  lesion  formation,  and  compare  to  the  variance  of  the  temper- 
ature measurements.  Unfortunately,  there  were  only  18  threshold  corneal 
power  measurements  since  extrapolated  threshold  temperature  rises  were 
determined  using  threshold  corneal  power.  Hence,  for  all  experiments  in 
which  subthreshold  measurements  were  taken,  a single  threshold  corneal 
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power  was  associated  with  both  the  measured  threshold  temperature  rise 
and  the  extrapolated  temperature  rise.  Nevertheless,  the  mean  of  these 
l&*c(xneal  power  measurements  was  21.3  mW,  and  the  standard  deviation 
was  6.86  mWor  about  32%  of  the  mean. 

Data  are  also  available  from  other  laboratory  sources . An 
argon  laser  (4880^)  has  been  used  to  produce  damage  In  the  rhesus  monkey 
retina,  which  Is  presumably  more  uniform  than  the  rabbit  retina  [Vassllladls, 
et.  al.,  1969].  In  those  experiments,  exposure  time  was  1600  msec,  and 
retina  spot  size  was  about  200  microns.  The  mean  was  30  mj  aitd  the 
standard  deviation  was  about  11  mJ,  or  36%  of  the  mean. 

The  difference  In  variation  between  threshold  corneal  power 
measurements  and  threshold  temperature  measurements  suggests  that  thres* 
hold  temperatures  are  somewhat  less  sensitive  to  individual  physiological 
differences  (i.e.,  pigmentation,  local  circulation , and  transmission  and 
absorption  properties  of  various  ocular  components) . 

It  Is  well  known  that  these  minimum  ophthalmoscoplcally 
visible  lesions  are  probably  10  to  15  percent  beyond  the  first  histologically 
and  electroretlnograi^lcally  noticeable  permanent  alterations  [Ham,  et. 

V al.,  1969;  Prlebe  and  Welch,  1972].  Nevertheless,  the  small  variation  In 
threshold  temperatures  does  emj^aslze  the  probable  correlation  between 
a specific  degree  of  damage  and  a given  temperature  and  exposure  time. 
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Measured  vs . Model  Temperature  Rises 

The  model  parameters  used  for  these  calculations  resulted 
In  temperature  rises  that  averaged  about  8%  higher  than  the  measured 
temperature  rises.  However,  the  calculated  temperature  rises  averaged 
only  0.4%  higher  than  the  measured  temperature  rises,  when  two  data 
points  were  deleted.  The  line  of  slope  m = 0.92  lies  within  the  95% 
confidence  bands  for  a slope  m - 1,  thus  encouraging  confidence  in  the 
predictive  power  of  the  model. 

In  comparison,  Cain  and  Welch  obtained  measured  temper- 
ature rises  about  20%  higher  than  calculated  temperature  rises  (using 
different  model  parameters).  Cain  and  Welch's  parameters  probably  produced 
better  agreement  during  early  exposure  times  (less  than  100  msec.). 
Unfortunately,  short-time  temperatures  for  this  research  were  attenuated  by 
the  DC  to  90  Hz  system  bandwidth  of  the  Brush  Recorder,  and,  hence,  shall 
not  be  compared  to  Cain  and  Welch's  data. 

Calculated  temperature  rises  were  subject  to  variation 
from  many  sources.  First,  variation  was  induced  by  assuming  the  image 
was  circularly  symmetric.  At  best,  only  a horizontal  profile  of  the  laser 
image  at  the  retina  was  obtained . Unsymmetric  profiles  were  merely 
averaged  to  symmetry.  Second,  variation  resulted  from  the  profile  sampling 
technique  of  rotating  the  animal  about  the  center  of  its  lens  system  while 
assuming  the  laser  image  remained  fixed  in  space.  Occasional  disagree- 
ment between  distances  across  the  retina  measured  with  a fundus  camera 
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graticule  versus  the  animal  rotation  technique  suggests  a possible  under- 
estimation of  this  variation  at  t 5%  [Cain  and  Welch,  1972],  This  variation 
Is  due  directly  to  the  variation  In  (1)  the  distance  between  die  lens  and 
retina,  and  (2)  diopter  strength  of  the  lens  system.  Third,  since  the  Image 
profile  (recorded  by  direct  absorption  of  the  sensor)  was  generally  lost  in 
system  noise  below  about  10%  of  maximum,  the  retinal  Image  diameter  was 
assumed  to  be  twice  the  length  between  the  image  maximum  and  10%  of 
maximum.  Under  this  assumption,  the  retinal  image  was  somewhat  larger 
than  that  used  for  the  model  calculations.  This  smaller  model  profile  was 
assumed  to  contain  the  energy  of  the  actual  profile,  thus  tending  to  produce 
higher  calculated  temperature  rises  • Since  energy  In  the  tails  of  the 
profile  generally  was  less  than  6%,  the  contribution  from  this  variation 
was  neglected. 

Perhaps  the  most  Important  factor  that  contributed  to  a 

conslstant  bias  to  steady-state  model  temperature  rise  was  the  value  used 

for  the  transmission  through  the  ocular  media.  The  particular  wavelength 

o 

used  in  this  research  (4880A)  was  close  to  the  lower  cut-off  wavelength  for 
transmission  [Geeraeto  and  Berry,  1968;  Malnster  et.  al.,  1969].  Hence, 

It  was  difficult  to  accurately  determine  this  parameter  from  most  ocular 


transmission  charts 


CHAPTER  V 


CONCLUSIONS 


The  following  conclusions  may  be  drawn  from  this 


research: 

(1)  Threshold  temperatures,  measured  by  specially  designed 
microthermocouples,  have  been  associated  with  the  formation  of  minimum 
ophthalmoscoplcally  visible  lesions  produced  in  rabbit  fundi  by  a ten- 

second  exposure  from  an  argon  C.  W.  laser  (4880^).  The  mean  threshold 

o o 

temperature  was  54  C and  the  standard  deviation  was  3 C.  System  error 

o 

was  about  5%  of  temperature  rise  or  slightly  less  than  1 C. 

(2)  Measured  threshold  temperature  rises  increased  as 
pre-exposure  fundus  temperatures  decreased.  Consequently,  threshold 
temperature  appeared  to  remain  constant,  within  a moderate  range  of 
pre-exposure  fundus'  temperatures . 

(3)  Calculated  threshold  temperature  rises  were  0.4% 
higher  than  measured  steady-state  threshold  temperature  rises , following 
deletion  of  two  data  points . 

(4)  Threshold  temperatures  showed  better  correlation 
with  lesion  formation  than  threshold  corneal  powers. 

(5)  The  next  Important  step  in  this  research  is  the  exam- 
ination of  a rate  process  model  for  thermal  damage  and  the  definition  of  the 
correlation  between  exposure,  temperature  rise  and  lesion  formation. 
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